Mechanisms of optical angular momentum transfer to nematic liquid crystalline droplets
A detailed study is presented that evaluates the relative importance of wave plate behavior, scattering processes and absorption phenomena in transferring optical torque from circularly polarized light to optically trapped nematic droplets. A wide range of parameters is considered: droplet diameters between 1 and 15 m, birefringence values from 0.15 to 0.26 and trapping beam powers from 50 mW to 400 mW. Wave plate behavior is verified through the dependence of torque on droplet diameter and material birefringence. The dependence of the magnitude of the torque on material birefringence confirms the additional importance of the scattering mechanism. Absorption processes are found to be negligible. © 2004 American Institute of Physics. ͓DOI: 10.1063/1.1753067͔
The transfer of spin angular momentum from light to a wide range of materials has been a subject of interest since the original experiments of Beth 1 on quartz plates. The advent of optical trapping enabled Friese et al. to extend experiments to micron-sized calcite fragments that acted as wave plates. 2 Very recently, the optical manipulation of nematic liquid crystal droplets has been demonstrated, for example a fast optical switch was created by Juodkazis et al. by viewing an optically trapped droplet, rotating in circularly polarized light, between crossed polarizers. 3 The same group also demonstrated that optical torque is transferred to a droplet through wave plate behavior, 4 whereas Savchenko et al.
proposed that angular momentum can be transferred to a liquid crystalline material through a light scattering process brought about by its birefringent properties. 5 There is significant interest in using liquid crystalline materials in the transfer of optical torque, but there is some confusion surrounding the mechanisms responsible. This paper presents a detailed study of the relative importance of the possible mechanisms by which optical angular momentum might be transferred to a liquid crystalline droplet; wave plate behavior, scattering, absorption, and the optical Fréedericksz transition. We do not consider lensing effects as these will influence the trapping power rather than the transfer of angular momentum.
The optical torque transferred through wave plate behavior and scattering processes has been considered by Friese et al. 2 and Savchenko et al., 5 respectively. The optical torque on a wave plate in circularly polarized light is modulated such that,
where E 0 is the amplitude of the electric field component of the incident light. The retardance, ⌬, describes the phase shift between light field components experiencing the ordinary, n 0 , and extraordinary, n e , refractive indices of the birefringent medium-and depends on the thickness t of the birefringent material and the wavelength ,
The transfer of angular momentum to a liquid crystalline material through the light scattering process can be considered as follows. 5 The separation of the extraordinary and ordinary paths in a birefringent medium acts to deviate the Poynting vector S of the light from the wave-vector k by an angle ␤. The torque T S applied to a nematic slab of volume V, refractive index n, by light of speed c and intensity I, is
Spin angular momentum can also be transferred through photon absorption. 5 Assuming that circularly polarized light of frequency is normally incident on a plane surface, the torque T A applied to a material with absorption coefficient ␣, is,
Finally, Santamato et al. observed the transfer of spin angular momentum to a homeotropically aligned nematic film 6 by a process known as self-induced stimulated light scattering ͑SISLS͒ and theoretically evaluated the rotation rate. 7 It was shown that at intensities around 1 MW/cm 2 , nematic molecules are reoriented by the light induced Fréedericksz transition. Precession of molecules within the film occurred and elliptically polarized light emerged from the film, the ellipticity of which changed with increasing light intensity. Theoretically it was confirmed that the angular rotation rate of the film was non-linear with laser intensity and in some cases multi-valued. As far as we are aware the influence of this effect on nematic droplets has not yet been reported although intensities of the order of 1 MW/cm 2 are commonly available within an optical trap.
The extent to which each mechanism is responsible for the transfer of optical torque to liquid crystalline droplets has not previously been investigated. With the anticipation that nematic droplets may be employed as optical switches and as rotors, it is important to understand the parameters upon which the optical torque is dependent. Thus we have evaluated the optical torque on nematic droplets over a large range of droplet sizes, material birefringence and trapping power. a͒ Author to whom correspondence should be addressed; electronic mail: helen.gleeson@man.ac.uk APPLIED PHYSICS LETTERS VOLUME 84, NUMBER 21 24 MAY 2004 A continuous wave 1064 nm Nd:YVO 4 circularly polarized laser beam was used to form the optical trap. In order to trap droplets the laser beam was brought to a focus within a sample using an oil-immersion, Zeiss plan neofluar objective, numerical aperture 1.3. Microscope objectives are known for their high power losses; for the objective and wavelength used a 59Ϯ2% loss was expected 8 and accounted for when calculating trapping powers. Nematic material dispersed in de-ionized water formed suspensions of nematic droplets after vigorous shaking; 70% of droplets had diameters between 1m and 10 m. Within the droplets, the molecules tend to align along one direction within the center of the droplet, the droplet director, whereas at the edge they lie parallel to the nematic-water interface. 9 This director arrangement is referred to as the bipolar or dipole configuration. Suspensions were contained between a center cavity microscope slide and a cover-slip in a gap approximately 350 m wide. A trap depth of 20 m from the cover-slip was maintained in order to minimize the influence of the sample walls on the fluid flow of the medium near to the droplet. 10 The sample was viewed using white light, between crossed polarizers and a pinhole reduced the illumination on the sample to a spot 15 m in diameter to prevent surrounding particles from affecting measurements.
Plane polarized light experiencing only n 0 , or n e , traverses a birefringent medium with unchanged polarization and so does not pass the 2nd polarizer. The period of revolution of a droplet was established by measuring the time between 4 minima on the transmitted light signal collected by an avalanche photodiode, protected by a filter cutting out 1064 nm radiation. IMAQ vision development software from LabVIEW 11 was used to measure the diameter of each trapped particle from the image collected by a camera.
A constant trapping power of approximately 80 mW was used throughout the studies of the change in optical torque with particle size and material birefringence. Four nematic materials were studied with birefringence ranging from 0.15 to 0.26 at room temperature, each well below their nematicisotropic transition temperature T c . The name, birefringence value measured at 586.9 nm, and transition temperature of each material, taken from the manufacturer's 12 data sheets, are shown in Table I . To investigate the optical torque dependence on the laser power, a 7.5 m diameter droplet with a material birefringence of 0.23 was trapped at powers ranging between 50 mW and 400 mW.
The measured rotation rates of droplets with diameters in the range 1-10 m are presented on a logarithmic scale in Fig. 1͑a͒ for the sample with birefringence of 0.23. Similar data were recorded for the other materials.
The torque ⌫ , due to drag on a solid sphere of diameter d, rotating within a medium of viscosity about its central axis with an angular frequency , is given by 13 ⌫ ϭϪd 3 .
͑5͒
The drag on a fluid sphere may not follow Eq. ͑5͒ if appreciable circulation within the droplet occurs. 14 However, since the viscosity of the nematic fluid is much greater than the surrounding water, Eq. ͑5͒ is a very good approximation of the drag torque on a nematic droplet.
With constant torque applied to a droplet, a linear relationship between the logarithm of the frequency and the particle diameter would be expected; however as is clear from Fig. 1͑a͒ this is not the case. The viscous drag torque of the fluid on the particle calculated using Eq. ͑5͒ is presented in Fig. 1͑b͒ . The data modulate as expected for a viscous torque that counteracts optical torque originating from wave platelike behavior. Rotation maxima of the drag torque are observed at particle diameters around 2.5 and 8 m. At these diameters a phase difference between the extraordinary and ordinary rays passing through the nematic droplet is probable. The dipole director orientation within a droplet lowers the effective birefringence of a droplet from the bulk birefringence value and thus modifies the modulation of torque associated with a uniaxial medium ͓Eq. ͑1͔͒. The effective birefringence is related only to the bulk birefringence and droplet size.
The average separation of the peaks of the modulating viscous drag torque was calculated for each nematic material and is plotted in Fig. 2 . The peak separations change by approximately 2.5 m over the birefringence range 0.15 to 0.26. The required increase in particle diameter for the retardance to remain constant appears in Fig. 2 to be inversely proportional to the material birefringence, in agreement with Eq. ͑2͒ and again confirming the wave-plate mechanism. The average viscous drag torque calculated over the entire particle size range for each material is also shown in Fig.  2 . There is a strong dependence on the material birefringence; the magnitude of the average viscous drag torque on droplets of material birefringence 0.26 is approximately five times greater than that on droplets of material birefringence 0.15 ͑both data sets are for equal beam powers͒. This effect, due to the increasing refractive index, allows more momentum to be transferred to the droplet. The scattering mechanism, with ␤ dependent on the birefringence, is responsible for the offset of ϳ0.5 pN m in Fig. 1͑b͒ and is also shown to be a mechanism for angular momentum transfer to nematic droplets.
A linear dependence between the optical torque and the trapping beam power, for fixed birefringence and droplet diameter, is seen in Fig. 3 . According to Eqs. ͑1͒, ͑3͒, and ͑4͒, the transfer of optical torque through wave plate behavior, scattering and absorption is in all cases proportional to the intensity of light incident on the droplet. We consider the last of these possible mechanisms as follows. From Eq. ͑4͒, the torque due to photon absorption on a 7.5 m diameter nematic droplet with absorption coefficient, ␣ϭ10 Ϫ4 m Ϫ1 ͑established using a spectrophotometer͒, for light of wavelength 1064 nm and intensity Iϭ10 MW/cm 2 , is around 10 Ϫ6 pN m. Since a 10 pN m torque on a droplet was measured through the drag force technique, absorption has a negligible contribution to the transfer of torque to a liquid crystal droplet. The linear dependence of the drag torque on the beam power ͑Fig. 3͒ confirms that any heating effects within the sample do not affect the angular momentum transferred to the droplet.
Additionally it can be seen from Fig. 3 that no non-linear effect, characteristic of SISLS, was observed with an increase in beam power. However, it was observed during experiments that the orientation of some droplets changed when entering the trapping beam. Droplets that were initially aligned with the droplet director out of plane, so that a dipole end was visible, reoriented as they entered the trapping beam until the droplet director was normal to the beam axis. The torque that realigns the droplet director from a 'vertical' to a 'horizontal' ͑in-plane͒ state could not be measured using the technique reported. It is possible that such torque could be evaluated by analysis of the outgoing polarization but we expect such measurements would be complicated by the rate of droplet reorientation. With trapping beam powers in excess of 1 MW/cm 2 , it is believed that the optical Fréedericksz transition causes this reorienting effect and maintains in-plane orientation within the trap.
In summary, experiments have shown that waveplatelike behavior of nematic droplets and light scattering are predominately responsible for the transfer of optical torque to the droplets from the spin angular momentum of an optical trapping beam. Waveplate-like behavior is dependent on the size and birefringence of the nematic droplet, and causes the observed modulation in the transferred optical torque. Further, the modulation occurs with an amplitude of torque that is highly dependent on the birefringence of the nematic material; evidence of light scattering. A strong linear relationship between the torque and trapping beam power confirms the importance of light scattering and of waveplate-like behavior, and simultaneously eliminates the presence of nonlinear SISLS. The available torque due to photon absorption has been shown to be negligible for nematic droplets. Finally, experimental observations indicate that in the high intensities of an optical trap, the optical Fréedericksz transition can cause a reorientation of the director of a nematic droplet toward the plane of polarization of the incident light.
A detailed understanding of which mechanism is dominant in the transfer of optical angular momentum to nematic droplets is important if they are to be used as optical switches or rotors. Nematic droplets can also be rotated and optically switched using electrodes. Since optical and electrical torque can both be applied to nematic droplets, 15 new optical devices may be fabricated from such versatile anisotropic microstructures. This work identifies which mechanism for optical angular momentum transfer dominates for specific conditions.
